Acrylamide (AA) is an important starting material for polyacrylamide, which has wide applications from coagulation agents in industry to gel electrophoresis in many laboratories. It has long been known to be neurotoxic and is suspected of being a potential carcinogen in humans.
The discovery of this compound in foodstuffs on the market such as potato chips, made first by a Swedish group in 2002, drew great concern from both food manufacturers and consumers worldwide. 2) Active studies on the analysis, occurrence, sources, metabolism and toxicology of AA have been carried out all over the world. 3, 4) We developed an AA determination method using ion trap LC MS MS and surveyed AA content in many foods obtained in a local market. 5) We also found that AA content in the medium as low as 0.5 pg mL significantly decreased the lifespan in the nematode, Caenorhabditis elegans. 6) On the mechanism of AA formation in foods, many papers have been published starting from the works of Mottram et al. and Stadler et al. 7 13) Now, it is generally accepted that the Maillard reaction between reducing sugars and amino acids at an elevated temperature is the key pathway for the formation of AA in foods. Asparagine among amino acids was found to be a direct precursor of the AA molecule. 7 9) On the other hand, the effect of carbohydrates on AA formation has been investigated with glucose, galactose, fructose, lactose, sucrose, glyceraldehyde and glucose 6 phosphate, and it has been concluded that their structure was not so influential in the production of AA except for fructose, which was seen to be a more efficient precursor. 8, 10) In this study, many carbohydrates such as mono and disaccharides, sugar alcohols and starch were heated with asparagine in a model food formula to investigate their effect on AA formation. As a consequence, we found that some results could hardly be explained by the mechanism of the Maillard reaction between reducing sugars and asparagine. In this paper, we present the relationship between carbohydrate structure and AA formation in cooked food models and discuss the role of carbohydrates.
(Japan). Albumin from chicken egg was of biochemistry grade, distilled water, methanol, acetonitrile and acetic acid were of HPLC grade, and all other chemicals were of special grade from Wako. Deuterium labeled L asparagine (Asn d3) for determination of Asn by CE MS MS was prepared from deuterium labeled L aspartic acid (Cambridge Isotope Laboratories, USA) according to a previous paper.
14)
Cooked food models. The formula for cooked food models is composed of carbohydrate, 3.5 g; egg albumin, 0.5 g; Asn, 20 mg; NaCl, 40 mg; and distilled water, 4.0 mL. The content of Asn (5.0 mg g on a dry weight basis) was almost equal to that in potatoes. 15) Albumin (0.5 g) was used to give shape to the heated formula. The combined components (pH 6.42) were mixed well to form a homogeneous paste and transferred into a tray (65 mm 65 mm 15 mm) made by folding a piece of silicon coated cooking paper (Asahi Kasei, Japan) and heated at 180 C in a hot air rapid drying oven (SSR 111S, Isuzu Seisakusho Co., Japan). During the heating process, the temperature of the food models was monitored with a digital thermometer (model 3529 01, Tsuruga Electric Co., Japan).
Sample preparation. A typical procedure was carried out as follows. First, a cooked food model was homogenized by Ace AM 8 (Nihonseiki Kaisha, Japan), and then a pulverized sample (1 g) was weighed into a centrifugal tube. One millilitter of AA d3 internal standard solution (1 g mL) and 9 mL of water were added, followed by mixing for 20 min on a rotating shaker (MMS 310, EYELA, Japan). After centrifugation at 9000 rpm for 30 min, the supernatant was filtered through a Maxi Spin filter tube (0.45 m, PVDF, Alltech Associates, USA). The obtained solution was subjected to the following determinations. The following procedures are different depending on the compounds to be determined.
For determination of AA, 1.5 mL of the filtered solution was loaded onto an ABS Elut NEXUS solid hase extraction (SPE) cartridge (200 mg 6 mL, Varian, USA), which had been conditioned with 3.5 mL of methanol, followed by 3.5 mL of water. Eluting with water, a fraction of 2.0 3.5 mL was collected. Then, the portion (1.5 mL) was passed through a Bond Elut AccuCAT SPE cartridge (200 mg 3 mL, Varian, USA), which had been conditioned with 2.5 mL of methanol, followed by 2.5 mL of water. In this step, a fraction of 0.5 1.5 mL was collected. The obtained solution (1.0 mL) was filtered through a syringe filter (0.2 m, hydrophilic PTFE, Advantec, Japan) prior to determination of AA by ion trap LC MS MS.
For determination of Asn, 200 L of the filtered solution was placed in a microtube, followed by addition of 250 L of Asn d3 internal standard solution (100 g mL in 1.0 M acetic acid solution) and 50 L of 5.0 M acetic acid solution. The solutions were mixed well and subjected to ion trap CE MS MS.
For determination of glucose, the filtered solution was diluted to 50 fold volume with water.
Determination of AA. The analysis of AA was carried out on an ion trap LC MS n system (HPLC: Agilent 1100 series, Agilent, USA; MS n : Esquire 3000 plus, Bruker, Germany) with a graphite column (Hypercarb, 2.1 mm 10 50 mm, Thermo Electron, USA) using water as a mobile phase. The column oven was thermostated to 30 C, and a sample tray was cooled to 10 C. Injection volume was 20 L. Ionization mode was electrospray positive ionization (ESI ). Both nebulizer and dry gases were nitrogen gas, and their flows were maintained at 50 psi and 10 L min (350 C), respectively. The spectrometer was scanned from m z 50 to 80. The transitions monitored for AA and AA d3 were m z 72 55 and 75 58, respectively, and their retention time was 3.1 min at a flow rate of 0.2 mL min. The level of AA was determined by comparing the peak area ratios (AA AA d3). Each sample was measured in duplicate. The quantification limit of AA was 2 ng mL as 10 times the repeated standard deviation of the calibration standard (AA 2 ng mL).
5)
Determination of Asn. The level of Asn was determined by an ion trap CE MS n system (CE: P ACE MDQ, Beckman Coulter, USA; MS n : Esquire 3000 plus, Bruker, Germany) with a CE ESI MS sprayer kit (Agilent, USA). Separation was carried out on a fused silica capillary column (eCAP, 100 m 800 mm, Beckman Coulter, USA). The electrolyte for the CE separation was 1.0 M acetic acid. Before each injection, the capillary was washed for 30 s with 0.1 M sodium hydroxide and then equilibrated for 2 min with the running electrolyte. The sample was injected with a pressure injection of 0.5 psi for 20 s. The applied voltage was set at 30 kV. The capillary temperature was thermostated to 20 C. A syringe pump (74900 series, Cole Parmer Instrument Company, USA) was used to deriver 10 mM acetic acid in 60 vol% methanol water at 10 L min to CE interface where it is used as a sheath liquid around the outside of the CE capillary to provide an optimum flow rate for the electrospray process and a stable electrical connection between the tip of the capillary and the ground. The ionization mode was electrospray positive ionization (ESI ). Both nebulizer and dry gases were nitrogen gas, and their flows were maintained at 15 psi and 5 L min (300 C), respectively. The spectrometer was scanned from m z 80 to 145. The transitions monitored for Asn and Asn d3 were m z 133 87 and 136 90, respectively, and their migration time was ca. 7 min. The level of Asn was determined by comparing the peak area ratios (Asn Asn d3). Each sample was measured in triplicate. The quantification limit of Asn was 1.7 g mL as 10 times the repeated standard deviation of the calibration standard (Asn 1 g mL). Incidentally, this method using Asn d3 as an internal standard has not been reported although the determination of amino acids by CE MS MS has been developed. 16) The improvement made the sample preparation quite easy.
Determination of glucose. The amount of glucose in a glucose containing food model was estimated by the mutarotase GOD method (Glucose CII test Wako, Wako, Japan).
17) The 50 fold diluted solution (0.02 mL) as aforementioned was added to 3.0 mL of the colorized reagent. After thorough mixing, the test solution was kept at 37 C for 5 min by Uni Thermo Shaker NTS 1300 (EYELA, Japan), followed by measurement of the absorbance at 505 nm by UV Visible Spectrophotometer UV 1600 (Shima-
RESULTS
Before investigating the effect of carbohydrates on AA formation, some cooking methods were attempted such as frying in oil and heating in a test tube with an aluminum heating block. Our method, heating in an oven, was easiest and most reproducible to determine AA in the models. The paper trays were also compared with glass dishes and aluminum trays. The cooked food models did not stick on the only silicon coated paper trays. Additionally, we have confirmed the albumin was not so significant a precursor of AA through a blank test without asparagine AA; 0.1 g g (15 min) and glucose AA; 0.2 g g (20 min), 2 g g (90 min) .
Production of AA from glucose. Figure 1 shows the typical results using glucose as a carbohydrate. The sample temperature increased rapidly in an oven at 180 C. It exceeded 140 C in 5 min and reached the maximum level in 15 min. The weight of the sample, of which half was water initially, decreased linearly to half in 15 min. The gradual decrease in weight observed on further heating may be due to partial pyrolysis of glucose. Essentially the same profiles of temperature and weight change during heating were observed in the case of other carbohydrates. Formation of AA started after 5 min. The amount of AA reached the maximum value of 7.4 g g in 15 min and then decreased to 1.9 g g in 30 min.
Figure 2 (a) shows AA formation profiles of the glucose formula adjusted to various pHs by 0.5 M acetic acid sodium acetate. Essentially the same AA profiles were obtained at all pHs tested, namely 15 min heating gave the maximum level of AA in all pHs. The pH profile of AA formation from glucose is shown in Fig. 2 (b) , obtained by plotting AA levels at 15 min heating for each pH. The maximum AA level was observed at pH 6.0, but more than 70% of the maximum was produced under a wide range of pH from 3.0 to 8.5. It is obvious that AA formation is stable under a wide range of pH from 3.0 to 8.5.
The molar ratio of glucose to Asn in the formula shown above is roughly 100 : 1. The dose response of AA formation against these two compounds was studied. The AA levels increased linearly in response to the increase in the amount of added Asn in the range of 0 to 0.20 mmol as shown in Fig. 3 (a) . Interestingly, a similar relationship was observed between AA levels and the amount of added glucose in the range of 0 to 19 mmol as shown in Fig. 3 (b) .
Production of AA from monosaccharides.
The time course profiles of AA production from fructose, sucrose and sorbitol are shown in Fig. 4 , together with that from glucose. The profile from fructose is unique in that the AA level increased rapidly, reaching almost maximum level in 10 min heating, whereas heating for 15 min was needed for the maximum AA production in the case of all other carbohydrates. Results on AA pro- duction from monosaccharides are summarized in the upper part of Table 1 . Fructose gave exceptionally the high AA production of 17 g g and sorbose followed with the AA level of 12 g g. Both of them belong to ketose. On the other hand, all aldoses including glucose gave essentially the same levels of AA production, around 7 g g.
Production of AA from disaccharides.
Results on AA production from several disaccharides are summarized in the middle part of Table 1 . Reducing disaccharides such as maltose, lactose and cellobiose gave comparable levels of AA production to that from glucose. Trehalose, a non reducing disaccharide, gave a slightly lower level of AA production than those from reducing disaccharides. The remarkable feature of Table 1 is that a relatively high level of AA (24.84 g g) was detected in the model containing sucrose in spite of its being a non reducing sugar. This value is even higher than that from fructose (17.38 g g). The time course profile of AA production from sucrose is, however, close to that of glucose rather than that of fructose, as shown in Fig. 4 .
Production of AA from sugar alcohols and inositol.
Results of AA production from sugar alcohols and inositol are summarized in the lower part of Table 1 . The time course profile of AA production from sorbitol is shown in Fig. 4 . It is easily understood that the amount of AA produced from these sugar alcohols and inositol are significantly low compared to those from other carbohydrates having a carbonyl group. But AA production does occur even from these non carbonyl compounds. Disaccharide alcohols such as maltitol and lactitol produced slightly higher amounts of AA than monosaccharide alcohols including sorbitol. Even inositol produced AA although the amount was very low (0.38 g g).
Production of AA from starch and α-cyclodextrin (CD). Figure 5 shows the time course profiles of AA production from starch and CD. These two compounds showed similar profiles to each other, but they differ drastically from those of other carbohydrates shown in Fig. 4 . AA levels were very low at 15 min heating. But they progressively increased on further heating, reaching the maxi- mum (7.0 g g at 50 min for starch and 9.6 g g at 40 min for CD) and these levels remain rather constant on further heating up to 90 min. Delayed production of AA and long lasting of AA levels once produced are remarkable features of these two carbohydrates having no or a negligible amount of the carbonyl group.
DISCUSSION
The stability of AA at 180 C was studied by adding this compound to the formula containing inositol as a carbohydrate. The result shown in Fig. 6 indicates that AA is unstable under the heating condition and had disappeared within 10 min. This fact suggests that AA contents in the formulae under heating are in a dynamic balance between production and degradation.
As is described above, several works proposed that AA is produced through the Maillard reaction between reducing sugars and Asn. This theory for the production of AA in heated foodstuffs is now widely accepted. Formation of Schiff base between carbonyl residue and primary amino residue is the first and key step of the Maillard reaction. The data presented in this paper can largely be explained by the above theory. There are, however, several points in our data that cannot be explained by the theory. (1) Glucose is present in great molar excess to Asn in our formula. But the production of AA is roughly proportional to the amount of added glucose, as shown in Fig. 3 . This phenomenon is difficult to explain by the Maillard reaction where glucose and Asn react with equimolar ratio. Kinetics of glucose and Asn during heating of glucose formula was followed as shown in Fig. 7 . Most of the added Asn had disappeared by 15 min, the time when the maximum production of AA was observed. The content of glucose, on the other hand, decreased linearly throughout the heating time, reaching 0.18 g g at 30 min. There seems to be no apparent correlation between glucose degradation and AA production. (2) Production of AA from non reducing sucrose was reported previously and this was believed to be due to hydrolysis of sucrose into glucose and fructose during heating. Even assuming the complete hydrolysis of added sucrose (3.5 g) to glucose and fructose, it is impossible to explain the fact that the amount (24.84 g g) of AA from sucrose exceeded that (17.38 g g) from fructose. Furthermore, we found that about 50% of added sucrose (3.5 g) still remained after 15 min of heating, when the maximum production of AA was observed. In previous experiments of Becalski et al ., the contribution of sucrose to AA production in French fries was lower than those of fructose and glucose.
13) Amrein et al . stated that AA content in gingerbread could be lowered by replacing reducing sugars with sucrose. 18) Their findings contrasted with ours which we obtained in our quite simple models. We speculate that their food samples contained some compounds to suppress AA formation from sucrose. (3) Although the amounts are not so high, AA was produced from all sugar alcohols tested and even from inositol as shown in Table 1 . It is impossible to explain these AA productions by the Maillard reaction between sugar alcohols and Asn. (4) The maximum productions of AA from starch and CD were observed only in prolonged heating of 40 or 50 min. As water in these formulae disappeared completely within 15 min, no hydrolysis and, therefore, no production of glucose can occur after this time. Again, it is very difficult to explain the production of AA from starch and CD by the Maillard re- The levels of Asn and glucose were expressed in milligrams and grams per gram of dry weight, respectively. action between reducing sugars and Asn. Taking all these points into account, it is quite natural to hypothesize the formation of some unknown compounds from decomposition of carbohydrates, which in turn react with Asn to produce AA. Further studies to demonstrate our hypothesis are in progress. 
